Abstract The ultra-low spacing of patterned sliders flying above a rotating disk with smooth surface in a hard disk drive is analyzed for high areal density recording. Three types of pattern (slender, square, and broad) with the same bump area are discussed. The molecular gas film lubrication (MGL) equation and the equations of motion of the patterned slider are solved numerically to obtain the steady flying attitude. The results show that the flying height of the broad patterned slider is the greater than either that of the square patterned slider or the slender patterned slider. In addition, we analyzed the effects of bump height and the bump pitch on the slider attitude, including flying heights, pitch angles, and roll angles, are discussed. Keywords patterned slider, molecular gas lubrication, flying attitude
Introduction
The trend of reducing the flying spacing of a magnetic head slider to increase the areal recording density of a hard disk drive encounters a strict challenge in tribology. Besides the load/unload technology, the disk surfaces are always textured to reduce the bearing area, and thus the torque required to start the hard disk drive [1] [2] [3] [4] [5] . Circumferential ridges [1] , regular sinusoidal bumps [2] , and bump patterns (broad, square, and slender) [4, 5] on disks have been analyzed. The air bearing equation based on the linearized Boltzmann equation and the equations of motion of the slider under the excitation of the moving pattern are solved simultaneously [4, 5] .
Some designs try to transfer part of the texture from the disk to the slider [6] [7] [8] . The birth of the padded slider [7, 8] has the benefit of reducing the head/disk interaction and controlling friction during contact start and stop. In addition to the mechanical and laser texture, some artificial bumps, which are much larger than the laser bumps and much smaller than the pads, are fabricated on the sliders. Tagawa and Bogy [9] analyzed the air film dynamics for micro-textured flying head slider bearings in magnetic HDD. The two dimensional textures were modeled as deterministic rectangles in the transverse and longitudinal directions. The effects of 'transverse microtextures' spacing and depth on the air film dynamics were investigated in detail numerically.
Artificial bump is achievable for the present improvement of microelectromechanical system (MEMS) fabrications. From the MEMS process for magnetic head slider, the slider surfaces can be patterned simultaneously. The texturing processes on disks can be reduced. Although they still have to meet the meniscus problems as the spindle motor starts to rotate. Our objective in this study was to analyze the pattern slider with three kinds of bump patterns (broad, square, and slender) , to analyze numerically the flying attitudes by solving the molecular gas film lubrication equation and the equations of motion of the slider simultaneously, and to analyze the effects of bump heights and bump pitches on the flying attitudes.
Numerical simulation
The simulation models for micro-textured flying head sliders are shown in Fig. 1(a-c) . Three kinds of pattern are considered, including slender (20 lm · 5 lm), square (10 lm · 10 lm), and broad (5 lm · 20 lm). Three columns of bumps are generated in each rail. The bump height is d and the bump pitch in the longitudinal direction is r. For further comparison, the bump area for the three kinds of pattern was equally restricted. The slider configuration and dimensions are shown in Fig. 2a .
As a rigid body, the equations of motion used for the patterned slider are: 
where m, I h and I b are the slider mass and moments of inertia in the pitch and roll direction; p, p a and f z are the pressure, ambient pressure, and loading force on the slider; x and y are the pressure center coordinates; x 0 is the pivot position for the suspension arm on the slider; z, h, b, and t are the vertical displacement, the pitch angle, the roll angle, and time, respectively. The molecular gas film lubrication (MGL) equation which governs the pressure generated between the slider and disk can be written as [10] ,
where h is the gas film thickness; V x and V y are the disk velocity in the x and y direction; l is the ambient viscosity of the gas; and Q p is the gas rarefaction correction factor 
The factored implicit scheme proposed in previous work [12, 13] was employed to solve the time-dependent Reynolds equation (Eq. (4)). The fifth order Runge-Kutta algorithm is applied to the integration of Eqs. (1) (2) (3) . A fixed point iteration algorithm is implemented to solve the couple system. The detailed solution procedure is presented in Ref. [13] . Non-uniform mesh sizes were used for the bearing surface. The mesh size was reduced by a common factor, and a geometric decaying series for mesh Fig. 3a,b . a Flying height plotted as function of bump height for various bump pitches (broad pattern slider) b pitch and roll angles plotted as function of bump height for various bump pitches (broad pattern slider) sizes was formed. Finer mesh was generated artificially at high pressure gradient or abrupt film thickness change, i.e., near the trailing edge of the slider, around the bump. The air bearing surface is divided into rectangular grids, comprising 140625 nodes (375 nodes in the longitudinal direction, 375 nodes in the transverse direction). Double density mesh (751 Ã 751) is tested, and relative errors are within 0.1%.
Results and discussions
Three kinds of pattern (broad, square, and slender) are simulated. All bumps are of the same bump area (100 lm 2 ). As shown in Fig. 2a , FH is defined as the spacing between the center point at the trailing edge of the inner rail surface and the disk. BH is defined as the bump height, d. FH-BH is the spacing between the center point at the trailing edge of the central bump surface of the inner rail and the disk. The pressure distributions of slender, square, and broad patterned sliders are presented in Fig. 2b, 2c , and 2d, respectively. All the pressure distributions are calculated under the same conditions, i.e. bump pitch r ¼ 100 lm, and BH d ¼ 70 lm. They show that the pressure distribution on the surface of the broad patterned slider has the largest values, and that on the slender has the least. In Fig. 3a , the flying height (FH) of a broad patterned slider is plotted as functions of BH (d) for three levels of bump pitches (r ¼ 30 lm, 60 lm, and 90 lm). A smaller bump pitch (r) results in larger bump numbers, and thus larger FH. The FH increases as the BH increases. The increase in bump height or bump area will increase the resistance to gas flow in such a small spacing. Therefore, it results in higher FH. The pitch angles and roll angles of the slider are shown in Fig. 3b . The pitch angle decreases as the BH increases or the bump area increases (small bump pitch). The value of roll angle also decreases as the BH increases or the bump area increases (small bump pitch). Similar trends of FH are also shown in Fig. 4a and Fig. 5a for square bumps and slender bumps, respectively. In Fig. 4b and Fig. 5b the discrepancy of roll angles between various bump pitches is small except for the large bump height cases (bump height d ‡ 60 nm ). The pitch angles of the square and the slender patterned sliders are of similar trend to that of the broad patterned slider. Fig. 6a,b. a Comparisons of the flying height for 'broad', 'square', and 'slender' patterned sliders with the bump pitch equals to 60 lm b comparisons of the pitch and roll angles for 'broad', 'square', and 'slender' patterned sliders with the bump pitch equals to 60 lm As shown in Fig. 6a , the FH are plotted as functions of BHs for 'broad', 'square', and 'slender' patterned sliders with the bump pitch equals to 60 lm. The results show that the FH for the different patterned slider is:
'broad' > 'square' > 'slender'. In our previous research [14] , the 'longitudinal' type roughness can restrict the side flow, and thus results in higher FH than that of the 'transverse' type roughness. The derivation comes from Fig. 7a,b . a sensitivity of flying height on bump height b sensitivity of flying height on bump height the average flow model, the roughness distribution is not in regular form, and the present bumps are much larger than the asperities in the flow factor model. Although side flow is dominant for this 'short' bearing (slender rails), the present 'slender' patterned bumps restrict the side flow less. Therefore, side flow is still the dominant effect for 'short' bearings. However, the present 'large' bump area and 'large' bump pitch can not restrict side flow effectively. Consequently, the restriction of longitudinal flow is the effective measure of the flying height. The relative FH, 'broad' > 'square' > 'slender', can be explained by the restriction of longitudinal gas flow. The pitch angles and the values of roll angles also decrease as the BH increases. Therefore, we have 'broad' > 'square' > 'slender' for fixed BH conditions.
The flying height changes are a function of design parameters and manufacturing tolerance [15] . The authors discuss the sensitivity of flying height on BH for these three patterns. As shown in Fig. 7a , the flying heights are plotted as functions of BH for broad patterned sliders. The sensitivity of FH on BH increases as the bump pitches (r) decreases. This result comes from that as the bump pitch increases, the bumps number on the slider surface decreases. There, little bumps on the bearing surface don't have enough contribution on the pressure generation, and thus the FH is less sensitive to bump height. In Fig. 7b , the FHs are plotted as functions of BH for bump pitch (r) equals to 30 lm. The sensitivity of flying height on bump height is almost the same for these three patterns.
Conclusion
The present study discussed the flying attitudes of three artificial patterned sliders, including the broad, the square, and the slender. From that analysis we conclude as follows:
1. Increases in bump pitch decrease the total bump area, and thus decrease the pressure generation and FH. 2. Increases in BH increase the flying height; whereas the minimum flying height (FH-BH ) decreases. 3. The dominance between side flow and longitudinal flow in such a short bearing is based on the bump size. The present size of bump area is large as compared to the asperities. The side flow effects are not significant, and the restriction of gas flow in the longitudinal direction is the dominant effect.
4. Patterned sliders have potential use in future slider design, because they can reduce the stiction problems and the transducer can be set on one bump on the trailing edge to detect larger signal to noise ratio.
